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論    文    の    要    旨 
1. Introduction 
Graphene is a one-atom thick layer of the layered mineral graphite with a carbon-carbon bond length 
of 0.142 nm, in which a two-dimensional (2D) layer of carbon atoms ordered into a honeycomb lattice, and 
is essentially a very large polyaromatic hydrocarbon. Graphene has attracted significant research interest in 
recent years. Its intriguing physicochemical properties, such as a large specific surface area (theoretically 
2630 m
2
/g for single-layer graphene), extraordinary electronic properties and electron transport capabilities, 
superior chemical stability, excellent thermal and electrical conductivities, made possible many applications 
in electrochemistry (chemical sensors, biosensors, supercapacitors, and batteries).  
Supercapacitors have attracted significant attention recently due to their extraordinary high power 
density and long cycle life. They also bridge the power and energy gaps between traditional dielectric 
capacitors and batteries. A major challenge for the development of supercapacitors has been to improve 
their energy density. Supercapacitor study is enhanced by modern graphene based materials. The object of 
this study is using three dimensional nano-architecture materials to increase the specific capacitance and 
electrolyte accessibility and usage of ionic liquid electrolyte at high voltage further improve the energy 
density. 
The outstanding sensing properties of graphene based materials are mainly attributed to the presence 
of more sp
2
-like planes and various edge defects present on the surface and edge of graphene. More 
importantly, with their three-dimensional nanostructures and adjustable surface chemistry, graphene based 
composites can interact strongly with other organic and/or inorganic systems with combination and 
synergistic effects of different components. One feasible proposal has been to use spacers to avoid or 
reduce the restacking and agglomeration of graphene. On the other hand, it would apparently be a better 
choice if the selected spacers could also contribute to the specific surface area, stability, and reactivity of 
the electrode material and structure. The object of this study is utilizing graphene/SWNTs composite and 
MnO2 NR/graphene composite biosensors for the selective and sensitive detection of uric acid. 
2. Experimental Technique 
The electrochemical methods: Cyclic Voltammetry, Constant Current Charge and Disharge, 
Electrochemical Impedance Spectroscope, were used to determine the performance of the supercapacitor. A 
three-electrode system is very useful for determining the electrochemical properties of a single electrode. A 
two-electrode test system is the best construction which can mimics the real packaged supercapacitor that 
can be used to characterize the energy density, power density and cycling property of a supercapacitor.  
3. Hybrid Graphene Electrodes for Supercapacitors of High Energy Density 
We have studied a novel graphene based hybrid electrode for supercapacitors, and developed a process 
of co-reduction to reduce mono-dispersed graphene oxide (GO) and single-walled carbon nanotubes 
(SWNTs) simultaneously, with aid of surfactant functionalization. The role of SWNTs is figured out to be 
in between the inter-layer space of graphene sheets as a spacer to prevent effectively restacking of graphene 
that often limits seriously the electrochemical performance of graphene supercapacitors, and also act as 
conductive binders to improve the electrical conduction of the electrode. The effect of functional groups 
and structure defects in graphene based supercapacitor is also studied. A high specific capacitance of 261 F 
g
-1
 for a single electrode and specific energy density of 123 Wh kg
-1
 in the two-electrode configuration have 
been obtained in ionic liquid (EMI-TFSI) electrolyte. 
4. Graphene-Carbon Nanotube Composite Aerogel for Selective Detection of Uric Acid 
In this work, a kind of graphene-based composite was developed through a hydrothermal reduction 
process: graphene-carbon nanotube composite aerogel composite (hydrothermal G/S). Hydrothermal 
synthesis is an efficient and non-toxic method for production of graphene without using any chemical 
reagents or catalysts. We studied the mechanism and processing of graphene and single-walled carbon 
nanotubes (SWNTs) composite by a hydrothermal method, where the SWNTs are covalently connected 
with graphene and also inserted into the interlayer space between graphene sheets to reduce restacking of 
graphene. The hydrothermally synthesized graphene and carbon nanotube composite aerogel has also been 
developed as a modified electrode for selective detection of UA. 
5. Elimination of Ascorbic Acid and Sensitive Detection of Uric Acid at the MnO2 Nanorods 
/Graphene-based Modified Electrode 
The α-MnO2 nanorods/graphene composite (MnO2 NR/RGO) was prepared and applied to the 
selective detection of uric acid. Maganese oxide is a kind of attractive inorganic material in biosensing 
application, due to their excellent catalytic oxidation abilities. A novel sensor of MnO2 NR/RGO/GCE was 
fabricated by using synthesized MnO2 NR/RGO film and then used to investigate the electrochemical 
behavior of UA in the presence of AA. The MnO2 nanorods could eliminate the effect of AA effectively. 
Moreover, ultra large surface area and good conductivity of RGO can provide more reactive sites for UA 
molecules and help to realize fast electron transfer. The high selectivity and sensitivity towards UA were 
acquired at MnO2 NR/RGO/GCE. The developed sensor has been applied to the selective determination of 
UA in human urine with satisfactory results.  
6.  Electrochemistry of HOPG Electrodes: Edge and Basal Plane Effect for Supercapacitor and Biosensing 
In this work, we studied the electrochemistry of the highly oriented pyrolytic graphite (HOPG) basal 
plane and edge electrodes specifically, by selectively masking regions of HOPG with a nonconducting 
polymer coating such that the electrolyte has access the basal plane and edge only, described as HOPG-P 
and HOPG-E electrodes. Depending on the electrochemical species (H2SO4, Fe
3+
, UA and AA) used we 
found out that the HOPG basal plane and edge carbon atoms could play a different role in electrochemistry. 
Furthermore, oxygen-containing surface functionalities induced by electrochemical oxidation, were also 
demonstrated to regulate electrochemical activities of the HOPG electrode. As all graphite electrodes are 
made from essentially the same building blocks (graphene sheets) we can expand our conclusions to other 
carbon materials even nanomaterials such as graphene, carbon fibers, and even carbon nanotubes. And the 
results should facilitate the design and development of novel graphene-based electrodes of practical 
significance, especially in the development of supercapacitors and biosensors.  
7. Conclusions 
(1)Single-wall carbon nanotubes spaced garphene composites with 3D structure was synthesized 
successfully with better specific surface area and conductivity for electrode materials with ultra-high 
energy density. 
(2) Graphene based composites electrode gave high selectivity and sensitivity for detection of uric acid. 
(3) Carbon edge atoms shown high capacitance and catalytic properties in electrochemisry. And oxygen 
groups also played a important role in electroanalysis. 
 
審    査    の    要    旨 
〔批評〕 
 Zhang, Feifei 氏が実施した研究は、現在、必要としているエネルギー効率の向上、自然エネルギー等
の分散型エネルギー利用、輸送機器のエネルギー回生に最も必要とされている蓄電デバイスのキャパシ
ターに関する研究で、キャパシター性能を格段に向上させるシーズを発掘・育成し、従来にない高性能キ
ャパシター電極を開発した。この研究の独創的なポイントを次に示す。 
① グラファイトからグラフェンを単層剥離させる方法の開発。 
 グラフェンは炭素原子 1 個の薄さであるが、キャパシター電極には、大量に使用するため、低コストで量
産できる作製方法が必要であり、廉価なグラファイトからグラフェンを剥離させる方法を採用している。また、
キャパシターのエネルギー密度はグラフェンの比表面積に、出力密度は導電性に比例する。そのため、
純度のよいグラフェンをグラファイトから一枚ずつ剥離させる必要があり、また、剥離させたグラフェンを溶
液に一様に分散させる必要があることを明らかにした。 
 ②グラフェン間にスペーサーとしてのカーボンナノチューブ(CNT)を介在させる方法の開発。 
新たな性能を引き出し、更に優れた性能とするために、ナノ・カーボン材料とグラフェンの複合材料の
研究開発を行っている。例えば、カーボンナノチューブ連結のグラフェンシートフィルムを合成し、それを
用いたグラフェンシートキャパシターを作製し、優れた電気化学特性を有することを確認した。  
② イオン液体の電解液としての高度利用方法の開発。 
  今回、キャパシター電解液として、イオン液体を用い、キャパシター電圧を 4.0V と高くすることができ、
キャパシター性能を格段に向上させた。また、安定性がよいので、ほとんど劣化しないことなどを明らかに
した。 
③ 高出力密度グラフェン積層キャパシターの開発。 
 電解液にイオン液体を用い、キャパシター構造を改良することにより、出力密度 300kW/kg を超える超
高出力密度キャパシターを試作した。 
④ 高感度・高選択性をもつバイオセンサーの開発 
水熱合成法により、グラフェン・カーボンナノチューブ複合電極材料及びグラフェン・MnO2 複合電極材
料の作製ができ、バイオセンサーへの応用を試み、高感度・高選択性であることを実証した。 
 
〔最終試験結果〕 
  平成 26 年 2 月 14 日、数理物質科学研究科学位論文審査委員会において審査委員の全員出席
のもと、著者に論文について説明を求め、関連事項につき質疑応答を行った。その結果、審査委員全員
によって、合格と判定された。 
 
〔結論〕 
上記の論文審査ならびに最終試験の結果に基づき、著者は博士（工学）の学位を受けるに十分な資格を
有するものと認める。  
 
 
